ABSTRACT The monohydroxylation of halobenzenes by phenobarbital-induced rat liver microsomes was studied. The.p-halophenol was found to be the major metabolite from all four halobenzenes; o-halophenol formation decreased as the halogen atom size increased. Vmasfor-total hydroxylation (ortho and para products) correlated well with the ar Hammett constant with a negative p value. This implies a positively charged intermediate in the rate-determining step. Vm.._ for either ortho orpara hydroxylation alone did not correlate with a Hammett constant, implying that the product-determining step occurs after the rate-determining step. Rate-determining formation of a radical cation intermediate is postulated to explain this data.
Metabolism of monohalobenzenes, especially chlorobenzene and bromobenzene, has been the subject of literally scores of studies. These compounds are of interest not only as primary environmental contaminants but also because they serve as models for more structurally complex haloaromatics such as polychloro-and polybromobiphenyls and polyhalogenated diphenyldioxins and diphenylfurans (1) . Our recent interest in the biological oxidation of heteroatoms (2) (3) (4) (5) led us to consider the.possibility that oxidation of the halogen atom was the initial step in the cytochrome P-450-catalyzed metabolism of aromatic halides. Oxidation by removal of a hydrogen atom or an electron as an initial step in cytochrome P-450-catalyzed metabolism has been postulated for several substrates, including vinyl halides (6, 7) , cyclopropyl amines (5, 8) , sulfides (9) , and norbornane (10) . Evidence for a similar one-electron oxidation of aryl halides might be obtained from comparison of the kinetics of hydroxylation of the monohalobenzenes.
Although the aryl halides are a thoroughly studied group of compounds, consultation of the literature revealed an almost complete lack of kinetic data concerning their in vitro metabolism. An excellent product study of chlorobenzene metabolism progressing in complexity from reconstituted soluble hemoprotein systems to perfused rat livers was reported by Selander et al. (11) . A Lineweaver-Burk plot for the metabolism of bromobenzene by a supernatant obtained at 9,000 X g from rat liver can be found in a study by Zampaglione et al. (12) . However, it became obvious that, to make a valid comparison of the hydroxylation kinetics for the monohalobenzenes, a set of data generated in one laboratory with microsomes from a single isolation and with a consistent method of acquiring and presenting the kinetic data would be required.
MATERIALS AND METHODS
All chemicals were of the highest purity commercially available. Pentane was redistilled prior to use. Reduced pyridine nucleotide (NADPH) was obtained from Sigma; o-and m-iodoanisole were obtained by decomposing the corresponding diazonium salt with potassium iodide (13) .
Microsomes. Male Sprague-Dawley rats (80-100 g each) were treated with phenobarbital (0.1% in drinking water) for 5 days. Rats were then killed, and liver microsomes were prepared as described (7) . Microsomes were stored at -700C in 10mM Tris acetate buffer, pH 7.4/1 mM EDTA/20% (vol/vol) glycerol. Protein concentration was determined by the Lowry method (14) with bovine serum albumin as standard.
Incubations. All incubations were carried out at 370C in a final volume of 2.0 ml per tube. Each tube contained potassium phosphate buffer (pH 7.4; 0.05 M), NADPH (2 mM for substrate concentrations <8.0 mM and 3 mM for substrate concentrations .8.0 mM),-microsomes (4.68 mg of microsomal protein), and various concentrations of benzene, bromobenzene, chlorobenzene, fluorobenzene, or iodobenzene. Concentrated solutions of benzene or halobenzenes were prepared in acetonitrile. The maximum volume of acetonitrile added per tube was 2% or less of the total incubation volume. All para and ortho hydroxylation increase with increasing atomic weight, but also the ratio of para hydroxylation to ortho hydroxylation follows this trend. DISCUSSION Two recent studies have suggested the intervention of halogen oxidation in the microsomal oxidation of aliphatic halides (2, 4) . The microsomal oxidation of aromatic halides became of interest because these compounds would allow a comparison of the relative ease of halogen oxidation to oxidation of an aromatic system. This comparison might enable a qualitative assessment of the energy requirements for halogen oxidation. Halogen oxygenation in the cytochrome P-450-catalyzed oxidation of iodobenzene has been demonstrated (3, 18) . Because the halogen oxides of the other halobenzenes are not expected to be stable, evidence for halogen oxidation would have to come from the other consequences (kinetics, product distribution) of this metabolic event.
One can envision a mechanism for the hydroxylation of aryl halides that involves an initial one-electron oxidation (see below). If oxidation of the halide is a rate-determining step, then a correlation of rate constants with ease of oxidation of the halides (i.e., F < Cl < Br < I) would be expected. The present studies were initiated to investigate this kinetic consequence of halogen oxidation.
In acquiring the kinetic data, only formation of monohydroxy compounds was considered. The justification for this simplification is: (i) dihydroxy aromatic compounds (catechols, resorcinols, hydroquinones) are the result of "two-pass" metabolism in cytochrome P-450 systems and are not kinetically important at short incubation times because the concentration of halophenol is very small with respect to halobenzene concentration, and (ii) dihydrodiols, if formed, are not present in large enough concentrations to appreciably alter the kinetic analysis. The amount of dihydrodiol found in bromobenzene microsomal metabolism was less than 2% of the phenol product (19) . The dihydrodiol product from microsomal hydroxylation of chlorobenzene was found to be "insignificant" (11) .
At low substrate concentration, the Michaelis-Menten expression simplifies to v = Vmax/Km [S] . Expressing the kinetic data for hydroxylation in terms of this ratio has obvious advantages. The low substrate concentration limit probably best reflects the in vivo situation. In addition, in order to determine correlation to a free energy relationship, such as the Hammett equation, one would like a rate expression of the form-a rate equals a rate constant times the concentration of reactant(s).
Thus, in the simplified form, Vm./Km becomes this rate constant, and it was of interest to determine the correlation of this ratio as well as the individual Michaelis-Menten parameters to a free energy relationship. The results in Table 1 indicate that, at the low concentration limit, iodobenzene is hydroxylated at the fastest rate and bromobenzene is hydroxylated faster than chlorobenzene [i.e., Vma,/ Km (iodobenzene) > Vma,/Km (bromobenzene) > Vm./Km (chlorobenzene) > VmaK,/K, (fluorobenzene)]. In addition, V,l,/ Km for fluorobenzene is not very different from VmaX/Km for benzene itself, which has the smallest rate constant for hydroxylation at the low concentration limit. This is a surprising result because one usually assumes that halogens retard rather than promote metabolism of aromatic systems. This result is even more striking when one considers that the halobenzenes have essentially three sites of hydroxylation (two ortho and one para), whereas all six positions of benzene are equivalent.
A notable trend in Table 2 is that, as one proceeds from fluorobenzene to iodobenzene, the ratio of para to ortho hydroxylation increases. The effect of phenobarbital or 3-methylcholanthrene induction on the ortho/para ratio in bromobenzene metabolism has been investigated in some detail (19) (20) (21) . Phenobarbital induction has been found to promote para hydroxylation, whereas 3-methylcholanthrene and f&naphthoflavone (f3NF) pretreatment promotes ortho hydroxylation in mice and rats. The major cytochrome P-450 purified from 3-methylcholanthrene-pretreated rabbit liver gives almost totally ortho hydroxylation. Likewise, phenobarbital pretreatment has been found to promote para hydroxylation of chlorobenzene; 3-methylcholanthrene was found to promote ortho hydroxylation (11) . The free energy relationship initially developed by Hammett (log K/Ko or log k/k. = poa) has found widespread use in probing mechanisms of organic reactions (16, 22) . In this relationship or is characteristic of a given substituent. (23) , Ullrich (24) , Walling (25) , and Hamilton (26) .]
A good correlation (r > 0.95) between Km for total hydroxylation and parameters associated with the ease of oxidation or polarizability (or both) of the halobenzenes was found. These parameters include the Allred-Rochow electronegativity of the substituent atoms (r = 0.97) (27) , the binding energy of the halogen nonbonding electrons in the halobenzenes as determined by photoelectron spectroscopy (r = 0.97) (28) , and Hansch's ir parameter for distribution between octanol and water (r = 0.97) (17) . Only the Hansch parameters are given in Table ences of up to a factor of 10 were observed for the other substrates. Microsomes are a mixture of cytochromes P450, and perhaps only one or two of the isozymes are important in the metabolism of halobenzene. The Ks is for all cytochromes P450 that bind substrate, whereas Km reflects binding to those that mediate hydroxylation. Thus, one might not expect good correlation of K, and Km for microsomes. Km also contains one or more rate constants for conversion of the enzyme substrate complex to products. If these rate constants are comparable to the rate constant for complex formation, then one would expect K, and KY, to be different.
In summary, the hydroxylation of halobenzenes was found to be characterized (i) by a Vm,,c that correlates to or+ and implies a positively charged transition state or intermediate and (ii) by a Km that correlates well to polarization or ease of oxidation or both. A direct or concerted epoxidation of the aromatic ring without intermediates is not consistent with our data because little charge separation would be anticipated to occur in the direct epoxidation. A similar conclusion was reached by Hanzlik and Shearer (29) in a study of the microsomal oxidation of styrenes.
cies attacking an electron-rich aromatic ring to electrophilic aromatic substitution is a compelling one. However, in order to obtain the meta-substituted intermediate in mechanism 1 and the observed rates of hydroxylation (e.g., PhI > PhBr > PhCl > PhF > PhH), the halogens would have to be meta-directing and activating with respect to hydrogen. Halogens are orthopara directors in electrophilic aromatic substitution and deactivating with respect to hydrogen, however. Mechanism 2 in Scheme I inserts a rate-determining oneelectron oxidation of the halobenzene to give a radical cation and the one-electron reduced oxygenated heme intermediate [Fe(IV)=O], which has radical character (31). These two radicals could collapse to give essentially the meta-substituted intermediate of mechanism 1. Mechanism 2 involves formation of a positively charged intermediate (radical cation), which is in accord with our data. Selective formation of a meta-substituted cationic intermediate may be a result of electronic distribution within the radical cation. That is, the Fe(IV)=O species may be expected to react at regions of high electron density (31 Alternate pathways, not strictly ruled out by the data, are attack of the Fe(IV)=O species at one of the ortho, meta, or para positions of the radical cation, followed by either epoxide formation or hydride transfer to give phenols without forming an epoxide but still involving an "NIH Shift." Although our data do not prove any mechanism, it is our opinion that mechanism 2 should be considered as likely as the more traditional mechanism 1. Cytochrome P450-mediated halogen oxidation may be an important process for alkyl halides; however, the correlation of Vma, to or+ for the hydroxylation of halobenzenes seems to indicate that oxidation of the aromatic ring may be a lower-energy 
